Bacteria swim in viscous liquid environments by using the flagellum 1-3 . The flagellum is composed of about 30 different proteins and can be roughly divided into three parts: the basal body, the hook and the filament. The basal body acts as a rotary motor powered by ion motive force across the cytoplasmic membrane as well as a protein export apparatus to construct the axial structure of the flagellum.
The filament is as a helical propeller, and it is a supercoiled form of a helical tubular assembly consisting of a few tens of thousands of flagellin molecules 4 . The hook is a relatively short axial segment working as a universal joint connecting the basal body and the filament for smooth transmission of motor torque to the filament 5,6 . The structure of hook has been studied by combining X-ray crystal structure of a core fragment of hook protein FlgE and electron cryomicroscopy (cryoEM) helical image analysis of the polyhook in the straight form and has given a deep insight into the universal joint mechanism 7 . However, the supercoiled structure of the hook was an approximate model based on the atomic model of the straight hook without its inner core domain 7 We isolated polyhooks from a fliK deficient mutant strain of Salmonella, SJW880 9 , which produces polyhooks that are structurally identical to the native hook but grows as long as 1 µm 10 . We plunge froze a holey carbon grid loaded with this sample solution kept at a room temperature at least for a few hours before plunging into liquid ethane to keep the polyhooks in the native supercoiled form. The polyhooks were observed in motion corrected images (Fig. 1a ), and about 35 nm long tubular segments were extracted with 90% overlap between the consecutive segments to obtain two-dimensional (2D) class averages, which clearly show helical arrays of FlgE subunits in different views ( Fig. 1b ). Then the 3D image was reconstructed from 157,334 such segment images (Fig. 1c ). The resolution was 3.1 Å at a Fourier shell 3 correlation of 0.143 ( Fig. S. 1 ).
To estimate the helical pitch and radius of the supercoil, we built a long 3D density map of the polyhook by extending this short segment map to a length of one helical pitch of the supercoil (Fig. 1d , Movie S1). The supercoil was left-handed with a helical pitch of 129 nm and a diameter of 33 nm. Supercoiled forms of Salmonella polyhooks have been studied by EM with negative stain as well as freeze-dry and Pt/Pd shadow-cast to avoid flattening, under different solution conditions by changing pH and temperature 8 . The polyhook under neutral pH at room temperature was called "Normal", and it was a right-handed supercoil with a helical pitch of 95 nm and a diameter of 35 nm. Somehow, the structure of the native polyhook we obtained is more similar to their "Left-handed" with a helical pitch of 60-100 nm and a diameter of 5 -35 nm formed under pH 2 -5 and at a temperature lower than 15ºC, but no such large variations in the helical pitch and diameter are observed in our cryoEM images. So we believe the supercoil of the native hook is left-handed as is now shown in the near-atomic resolution structure revealed by cryoEM.
Based on this cryoEM map, we built atomic models of FlgE for 26 subunits that cover more than two turns of the 1-start helix of its helical assembly (Fig. 1c ). The model of FlgE consists of three domains, D0, D1 and D2, arranged from the inner core to the outer surface of the hook, just as previously modeled 7, 11 . But we were also able to build a model for residues 24 - The hook is made of 11 protofilaments 11, 12 , just like the flagellar filament connecting to the distal end of the hook through two junction proteins 4 . Since the passes of the protofilaments are nearly parallel to the tubular axis of the hook, the protofilament length varies from one to the other. Accordingly, the subunit conformation gradually changes along the circumference from one protofilament to the next due to the supercoiled nature of the native hook structure, although the conformations of subunits are nearly identical within each protofilament. So, although the conformations of the 26 4 subunits we built on the map were all similar to one another, we identified 11 distinct conformations among them, one for each protofilament (Fig. S3 ). These 11 distinct conformations are all realized by slightly different arrangements of the three domains but the domain conformations are well preserved (Fig. S4 ). The color-coded distances between Cα atoms of corresponding residues of the axially neighboring subunits within each protofilament clearly visualize the curvature of the supercoiled hook ( Fig. 2a ). The short, middle and long distances are colored from cyan to dark pink, where the shortest distance was 36.9 Å in protofilament 7, and the longest one was 56.7 Å in protofilament allow their mutual sliding for protofilament compression and extension (Fig. 3b and c) .
The relative disposition of the C-terminal helices between the neighboring protofilament is well maintained between subunits 0 and 5 but shows a slight axial shift between subunits 0 and 6 and a larger axial shift between subunits 0 and 11 (Fig. 3c ).
Residues Gly 329 -Asp 330 of subunit 0 at the tip of a short β-hairpin of domain D1 interact with residues Ala 39 -Asp 40 of subunit 5 in the distal part of the long β-hairpin of domain Dc, and this interaction does not change by protofilament compression and extension (Fig. 3d ), indicating the importance of the long β-hairpin of domain Dc for the structural stability of the hook as found by deletion mutation experiments 13 .
The D1 domains form a mesh structure in the -5-, 6-and 11-start helical directions with some gaps 11 . These domain interactions stabilize the hook structure by maintaining the -5-start interactions while switching the 6-start interactions by an axial shift for protofilament compression and extension. Constant interactions are seen between residues Leu 101 -Glu 103 of subunit 0 with Ala 320 -Asn 321 and Gln 337 -Ser 339 of subunit 5 (Fig. 3d ), but the interactions between Ser 87 -Asn 88 of subunit 6 and Gly 348 -Gly 350 of subunit 0 are present only in the compressed form ( Fig. 3e cyan) .
The D2 domains form a six-stranded helical array on the surface of the hook by their tight interactions along the 6-start helical direction (Fig. 3f) interactions between the D2 domains of the neighboring 6-start helical array on the inner side of the curved supercoiled hook were predicted to stabilize the native supercoiled hook structure 7 , and this was confirmed by a mutation experiment showing that the hook becomes straight by the deletion of domain D2 while keeping the bending 6 flexibility to work as a universal joint 14 . We now see these interactions in the present structure ( Fig. 1c ). Domain D2 of subunit 0 maintains an axial intersubunit interaction along the protofilament with the triangular loop (Gly 117 -Pro 135) of domain D1 of subunit 11, and molecular dynamics simulation of the previous protofilament model showed a relatively large axial sliding upon compression and extension of the protofilament 7 . This is also confirmed in the present structure (Fig. 3g ), indicating the importance of this dynamic intersubunit axial interaction for the bending flexibility of the hook while keeping its structural stability, as was also suggested by a mutation study 15 .
The stable interdomain interactions unperturbed by the protofilament compression and extension as well as variable interdomain dispositions that allow the hook to take supercoil conformations can be quantitatively measured from the distances between Cα atoms of corresponding residues from each of the 11 subunits in distinct conformations to their neighboring subunits in the -5, 6 and 11 major helical directions (Fig. 3a) . The measured distances are depicted by color coding in Fig. S6 . In the 11-start interactions ( Fig. S6a) , the tip of the C-terminal helix has the minimum standard deviation, and domain D2 shows the largest standard deviation, indicating that the bottom of the C-terminal helix is the pivot point for subunit tilt for hook bending. In the -5-start direction (Fig. S6b) , domain D0 and the left half of domain D1 show small standard deviations. In the 6-start direction (Fig. S6c) , the four-stranded β-sheet on the outside of domain D2 shows a smallest standard deviation because of their stable interactions along the 6-start helical line. Thus, the hook structure is composed of three radial layers formed by the D0-Dc, D1 and D2 domains, and the stable interdomain interactions in different helical directions in each of the three layers as well as the flexible connections between the layers are the basic design architecture of the hook to work as a molecular universal joint while maintaining the rigid tubular structure against twisting for transmitting motor torque to the filament (Fig. 4, Movie S3) . This β-hairpin was named L-stretch and occupies the gap formed by three D1 domains of subunits 0, 6 and 11 19 , possibly contributing to the higher stiffness of the Campylobacter hook. The corresponding gap in the Salmonella hook is much smaller in the compressed protofilaments ( Fig. S7 ), suggesting that the insertion of the FlgG specific 18-residues forms the L-stretch just as that of Campylobacter hook to fill the gap to prevent protofilament compression in the hook made of the insertion mutant of FlgE. Therefore, this gap is essential for the bending flexibility of the hook.
Many different filamentous structures have been studied by cryoEM image analysis but the sample had to have a straight form with a helical symmetry by mutations or changing solution conditions. Now the cryoEM method has become powerful enough to solve even the structure of a native supercoil at near atomic resolution without any strict helical symmetry. So, this is another demonstration of the power of cryoEM technique in revealing physiologically meaningful macromolecular structures. The mechanism of polymorphic supercoiling of the flagellar filament to switch between left-and right-handed helical propellers for run and tumble of bacterial cell swimming for chemotaxis, which is distinct from that of the hook we presented here, is now within the reach. 
Methods

Sample preparation
A Salmonella polyhook strain, SJW880, was used to prepare polyhooks 20 for cryoEM observation. The polyhook-basal bodies were purified in the same way as hook-basal body purification as previously described 21 . The polyhook-basal bodies were suspended in 25 mM Tris-HCl, pH 8.0, 100 mM NaCl. To prepare the native supercoiled polyhook, the purified sample was incubated overnight at room temperature. 
